I. INTRODUCTION
The spectroscopic studies of the heaviest natural alkali dimer, the Cs 2 molecule represents a challenging task due to a very dense manifold of vibronic levels, especially concerning the rotational structure. What is more, the first electronically excited states of Cs 2 are forming the singlet-triplet A 1 Σ + u ∼ b 3 Π u complex, which is fully mixed by strong spin-orbit-coupling, thus being by itself a challenge for adequate processing of high resolution spectroscopic information [1, 2] . At the same time there is an obvious necessity to study these states since they have been exploited as the intermediates to transfer the weakly-bound ultracold molecules produced in the X 1 Σ + g state to deeply-bound species in order to produce Cs 2 in vibrational and rotational ultracold "absolute" ground state X(v = 0, J = 0) as it was demonstrated in Refs. [3] [4] [5] [6] [7] , in particular, applying the 4-photon stimulated Raman adiabatic passage (STIRAP). One may also mention an efficient accumulation of cold Cs 2 molecules in the lowest X(v = 0) level by vibrational cooling [8] . Additional motivation of producing cold Cs 2 is its predicted sensitivity for checking the possible variation of the electron/proton mass ratio as discussed in Ref. [9] .
The A ∼ b window was used for Cs 2 to access the triplet state manifold, which makes it possible to implement the perturbation facilitated optical-optical double resonance (OODR) [10] ; this is particularly important for homonuclear molecules to overcome the restricted choice of available transitions because of the u − g parity selection rule.
The spectroscopic studies of the A ∼ b complex of heteronuclear alkali diatomics containing Cs atom have achieved a reasonable progress. Processing Fourier transform (FT) spectroscopy data by the coupled-channel (CC) deperturbation treatment and applying ab initio calculations of spin-orbit coupling functions it was possible to reproduce the large set of experimental data with accuracy better than 0.01 cm −1 , see [11] and [12] for RbCs, [13] and [14] for KCs, [15] for NaCs and with the accuracy of 0.05 cm −1 for LiCs [16] . In particular, the accuracy and abundance of information on A ∼ b system of RbCs allowed us to assign laser induced fluorescence (LIF) transitions from higher-excited electronic states to the A ∼ b complex in case when the respective LIF to the ground X-state was too weak to be observed, see Ref. [17] . The generated comprehensive set of RbCs A ∼ b term values was helpful to predict the A ∼ b ← X transition frequencies to be used for two-step laser excitation of the (4) 1 Π state [18] . For the closest homonuclear analogue of Cs 2 , the rubidium dimer [19, 20] 
FIG. 1. (Color online)
The scheme of the scalar-relativistic potential energy curves [30] of Cs2 converging to the lowest two non-relativistic dissociation limits. Only u-symmetry excited states are presented.
Regarding Cs 2 , the first detailed experiment based study of the A ∼ b complex was performed in Ref. [21] , in which the information from several sources obtained by different spectroscopic methods that included but are not restricted to the data from Refs [10, [22] [23] [24] , was processed by a deperturbative CC approach. The data however have been sparse and a considerable range of energies and rotational levels J of the A ∼ b complex was not covered, therefore, as concluded in Ref. [21] , there are issues that warrant further study.
There is quite a number of papers reporting on the ab initio electronic structure calculations on adiabatic potential energy curves (PECs), see Fig. 1 , and transition dipole moments of Cs 2 , which have been performed in the framework of pure Hund's (a) and (c) coupling cases [21, [25] [26] [27] [28] [29] . The individual spin-orbit (SO) coupling matrix elements between the scalar-relativistic electronic states were calculated in Ref. [30] .
The strategy of the present study was as follows. As distinct to Ref. [21] , we intended to base mainly on the rotationally resolved by FT spectroscopy A ∼ b → X LIF measurements performed in the Laser Center in Riga (University of Latvia) with the accuracy of 0.01 cm −1 or better. By making all possible use of LIF excitation accessible with a Ti-Sapphire laser and diode lasers at our disposal and due to collision-induced population of rotational levels it was possible to obtain the systematically spanned over J data field and to pass from rather scarce amount of fragmentary data to much more uniform sufficiently dense coverage of term values extended towards higher energies of about 13 500 cm −1 . To include the term values below the singlet A-state minimum we corroborated the present data by the only available
state term values from two-photon excitation experiments used in Ref. [21] , though of poor (monochromator) accuracy. To propagate properly the experimental data to the lowest J values (J = 1 and 3) the 19 accurate term values of the A ∼ b complex used in Ref. [7] (University of Innsbruck) for the STIRAP assembling of ultracold Cs 2 molecules were involved in the present fit as well. This entire set of data have been treated in the framework of the rigorous deperturbation analysis based on the four coupled-channel
model. To probe the CC deperturbated parameters obtained only by energy-based data we compared the experimental A ∼ b → X(v ′′ X ) LIF relative intensity distributions with their calculated counterparts. For this purpose the ab initio transition dipole moments were evaluated in the present study by means of the finite-field (FF) method combined with multi-reference Fock space relativistic coupled cluster (FSRCC) method [29, 31, 32] . To additionally validate the FSRCC potentials we have estimated ab initio Ω-doubling effect in the low-lying vibrational levels of the b 3 Π ± 0u state previously measured in Ref. [10] . [11-14, 33, 34] since the respective molecular vapor in the heat-pipe contained Cs 2 molecules as well. Due to the accidental excitations of the latter,
g transitions were also observed in the recorded spectra. Most of these spectra were excited with homemade external cavity diode lasers with 980, 1020, and 1050 nm laser diodes. To obtain a more systematic data set the heat-pipe containing only cesium metal was manufactured; and a Ti-Sapphire laser (Coherent MBR 110) was used to excite the Cs 2 A ∼ b complex. The exploited laser frequencies in this case were within 10 746 -11 612 cm −1 .
B. Spectra analysis
The rotational and vibrational assignment of LIF progressions was based on a comparison of the observed vibrational-rotational differences with their calculated counterparts obtained using highly accurate empirical potential available for the ground X 1 Σ + g state [35] . The LIF spectra were rather dense and typically contained more than ten doublet P , R progressions. Due to the presence of buffer gas Ar in the heat-pipe the rotational relaxation lines were observed around strong spectral lines, thus a large amount of term values of collisionally populated levels could be obtained. In several spectra the population transfer from an optically excited rovibronic levels to the b 3 Π + 0u state was observed. This is illustrated, see green solid cycles on top of the lines, in states in the Cs 2 dimer is larger than the vibrational intervals of the interacting states [2] . Therefore, a rigorous coupled-channel (CC) deperturbation treatment is indispensably required to represent the fully mixed rovibronic levels of the singlet-triplet A ∼ b complex of Cs 2 with the experimental (spectroscopic) accuracy.
The rovibronic Hamiltonian [11] of the present deperturbation model takes into account explicitly the dominant SO interaction between the A 1 Σ 
where X ≡ J(J + 1) and B ≡ 2 /2µR 2 (µ is the reduced mass). Hereafter, U A0 , and the R-independent parameter η Ab1 involved in Eq. (1) were determined iteratively by means of the weighted nonlinear least-square fitting (NLSF) procedure:
where the rovibronic term values E CC j and corresponding multi-component vibrational wavefunctions Φ j (R) have been obtained from the iterative solution of the four coupled-channel radial equations:
with the conventional boundary φ i (0) = φ i (∞) = 0 and normalization
Here I is the identity matrix and P i = φ i |φ i is the fractional partition of the j-th level.
The present experimental data set of the A ∼ b complex involved in the NLSF procedure (2) were estimated by a comparison of the present FS-RCC estimates with their previous theoretical counterparts [21, 27] . The initial parameters of the EMO and HH functions required to start the iterative NLSF procedure were borrowed from Ref. [21] . The CC machinery utilized the central five points finite-difference (FD) scheme combined with the analytical mapping procedure [36] in order to reduce the number of the mesh points required for accurate estimates of eigenvalues belonging to high vibrational levels of the A ∼ b complex. The iterative CC calculations were conducted on the interval R ∈ [2.8, 10.6]Å uniformly discretizated by 3000 mesh points of the mapping coordinate. The truncation error of the resulting eigenvalues E CC does not exceed 0.001 cm −1 in the energy interval E A∼b ∈ [8000, 13 500] cm −1 of the A ∼ b complex. The details on the numerical methods implemented to solve both direct and inverse CC problems can be found elsewhere [37] .
IV. RELATIVISTIC ELECTRONIC STRUCTURE CALCULATION A. Computational details
The computational scheme employed for ab initio relativistic electronic structure calculation closely resembles that described in details in Ref. [29] . The basic model was defined by the accurate semilocal shapeconsistent two-component pseudopotential of the "small" (1 − 4s, 2 − 4p, 3 − 4d) core of the Cs atom, derived from the valence-shell solutions of the atomic Dirac-FockBreit equations with the Fermi nuclear charge model [38] . The contracted Gaussian basis set [7s 7p 5d 4f 3g 1h] Cs used to expand the components of one-electron spinors was taken from Ref. [29] .
The many-electron problem was solved by means of multi-reference Fock space relativistic coupled cluster (FSRCC) method [29, 31] using the Fock space scheme Cs 2 ) was significantly larger than that used in our previous study [29] . Numerical instabilities due to the appearance of intruder states were suppressed via introducing adjustable ("dynamic") shifts of FSRCC energy denominators [29] in all Fock space sectors, except for the Fermi vacuum one. All calculations were performed using the appropriately modified DIRAC17 program package [39] .
B. Potential energy curves and spin-orbit matrix elements
To diminish a systematic R-dependent error in the energy calculation [2, 40] the potential energy curves (PECs) for the excited (1, 2)0 (2)1 u , and (1)2 u states were constructed by adding the FSRCC vertical excitation energies calculated as functions of the internuclear distance,
, to the highly accurate empirical ground X-state potential from Ref. [35] .
Then, resulting relativistic PECs for avoided crossing of (1, 2)0 + u states were converted into the mutually crossing U 
C. Transition dipole moments
Transition electric dipole moments d if between two relativistic adiabatic states (i and f ) were evaluated using the finite-field scheme [32] , i.e. the components of d if were derived from the central finite-difference estimate for the derivative matrix elements in the approximate relation
where η = x, y, z, F is the external uniform electric field andΨ ⊥⊥ (F ) andΨ(F ) denote left and right eigenvectors of the field-dependent FSRCC effective Hamiltonian acting in the field-independent (constructed assuming F = 0) model space. Although the calculations involved only the effective Hamiltonian eigenvectors (the model space projections of many-electron wavefunctions), the resulting transition moments implicitly incorporated the bulk of the contributions from the remainder part of these wavefunctions [32, 41] .
V. RESULTS AND DISCUSSION

A. Rovibronic term values and fraction partitions
Overall data field of presently observed levels of the A ∼ b complex contains 4503 term values and is depicted in Fig. 3 . The quality of the final fit is characterized by the plotted residuals in Fig. 4 , and displayed for the individual data sets in Table I . The current CC model reproduces the Riga and Innsbruck therm values with a standard deviation (SD) of 0.005 cm −1 , which is two times less than their estimated experimental uncertainty. The deperturbation model fits the low resolution monochromator Tsinghua (LR) data [10] also very well (SD∼ 1.2 cm −1 ) with a small enough mean value (MV) compared with the accuracy of the data. It should be noted that nine outliers of the original Tsinghua (LR) data were excluded from the final fit.
Furthermore, we can see in Table I that the CC model predicts the previously measured in Temple, Tsinghua (HR) and LAC rovibronic term values, which were not included in the fit within their experimental uncertainty while the systematic deviation of about 0.018 cm −1 in Tsinghua (HR) data is clearly observed. The statistic parameters of the present fit correlate well with a direct comparison (see Fig. 5 ) of the Riga term values with previous experimental data available for some rovibrational term values of the A ∼ b complex.
The calculated fraction partitions P i of the rovibronic levels of the A ∼ b complex (see Fig. 6 ) demonstrate the rapidly growing mixing of the singlet and triplet states above the bottom of the singlet A-state. It is interesting, however, that the maximum of the mixing (35-65%) is observed at the intermediate energy range (about 11 500 cm −1 ), then, the mixing decreases as the excitation energy increases since the overlapping of the vibrational wavefunctions of the interacting states decreases. The present experimental data set contains only about 50 levels having the pronounced b 3 Π 1u character with fraction partition P b1u > 15%, and there are no levels with a significant b 3 Π 2u character. Table III presents the resulting parameters of the empirical diagonal A 01 (R), A 12 (R) and off-diagonal ξ Ab0 (R) spin-orbit functions defined in the HH analytical form. Figures 7 and 8 compare the empirical and ab initio spin-orbit functions available for the A ∼ b complex. The resulting empirical potentials, spin-orbit functions, parameter listings, calculated and observed term values are given in numerical form in the Supplemented Material (SM) [42] . The electronic energies T e and equilibrium distances R e obtained from the experiment and ab initio calculations for the relativistic (1)0 (1) −1 ) from the present and previous [21] fit of Cs2 A ∼ b data. Numbers in brackets denote the estimated uncertainty of the measurements in cm −1 . Data marked by asterisks * have not been included in the present fit. N is the number of data points ; SD is the standard deviation, and MV is the mean value of the residuals. The data were obtained: Riga -FT LIF spectroscopy (University of Latvia), Tsinghua (LR/HR) -low/high resolution data from Tsinghua University [10, 21] , LAC -FT LIF data from Laboratory Aime Cotton [22, 23] and recalculated in Ref. [21] . Temple -optical-optical double resonance (OODR) polarization spectroscopy from Temple University [21] . Innsbruck -the STIRAP laser assembling of ultracold Cs2 molecules in Innsbruck University [7] . ticular, Table IV demonstrates that though the ab initio FSRCC energies are systematically lower than the corresponding empirical curves, however, the differences do not exceed ∼ 80-110 cm 
B. Interatomic potentials and spin-orbit coupling functions
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FIG. 5. (Color online)
The difference (∆E Expt ) between the present Riga experimental term values and the ones measured in previous works (LAC [22, 23] , Temple [21] , Tsinghua (HR) [10] ).
that the A 12 (R) splitting between Ω = 1 and Ω = 2 components of the b-state is empirically not well defined since the experimental term values with a significant b 3 Π 2u character were not identified in the present input data.
To demonstrate the accuracy of the present relativistic PECs the difference of the rovibronic term values ∆E f /e = E Ω=0
belonging to the e and f components of the triplet b 3 Π e/f 0u (b0 ± u ) state [10] was estimated ab initio according to the relation:
where ∆U 
FIG. 6. (Color online) The fraction partition
of the rovibronic levels of the Cs2 A ∼ b complex measured in the present work (solid symbols) and previously obtained for low energy range in Ref. [10] (open symbols).
counterparts measured for low vibrational levels of the b 3 Π ± 0u state [10] . The smooth divergence of the expectation values observed for the high vibrational levels should be attributed to a breakdown of the first order perturbation theory used. It should be noted (see the inset in Fig. 9 ) that the interatomic potential U b0 To validate the reliability of the present CC deperturbation analysis, which has been accomplished so far using only the term values data, relative intensity distributions in the A ∼ b → X(v ′′ X ) LIF progressions were measured and compared with their simulated counterparts. This test of the non-adiabatic wavefunctions is especially important in the case of 133 Cs 2 where the conventional isotope-substitution analysis is not feasible due to a lack of other stable isotopes. Relative intensity distributions in LIF progressions were analyzed for a number of upper state levels. Experimental intensities were determined as a peak value of P , R lines. The obtained values were corrected according to the spectral sensitivity curve of the InGaAs diode [43] , which shows rather smooth diminishing of the sensitivity almost by a factor of two in the range from 8200 to 9900 cm −1 . Note that the LIF spectra were measured with a long-pass edge filter FEL1000, which cuts off the LIF at frequencies higher than 10 000 cm −1 , therefore the transitions to low vibrational levels were not observed.
The corresponding transition probabilities from the rovibronic levels of the A ∼ b complex to rovibrational levels of the ground X-state were evaluated as
where the rovibrational eigenvalues E U ab
The resulting d AX function corresponding to the spinallowed
g transition is found to be very close to its scalar-relativistic counterparts obtained in Refs. [27, 28] using the ECP-CPP-CI method.
It should be noted that the ECP-CPP-CI model [27] based on the full configuration interaction (CI) treatment of two-valence-electron problem defined by the large-core two-component relativistic pseudopotentials (ECP) of Cs atoms and the core-valence correlation treatment through semiempirical core-polarization potential (CPP) provides a good approximation to the transition dipole moment functions between the relativistic (adiabatic) Fig. 3) . These examples show overall excellent agreement between the measured and calculated intensity distributions in LIF progressions. The calculated density distribution of the corresponding multi-component vibrational wavefunctions of the A ∼ b complex clearly demonstrates the dramatic changes in the nodal structure of the non-adiabatic vibrational wavefunctions in comparison with their conventional adiabatic (single-channel) counterparts [45] . In particular, as is seen from the inset of Fig. 11 , the density of the singlet component of nonadiabatic wavefunction |φ A | 2 belonging to the strongly Fig. 12 ). In the LIF case, the density function |φ A | 2 is distributed from the left turning point to the middle range of R, while in the CIF case from the middle R to the right turning point. Thus, the broad LIF progression ends at v 
